Introduction: Polypeptide hormones (natriuretic peptides, NPs) are secreted by the cardiac atria and play an important role in the regulation of blood pressure. Objective: To evaluate the effects of aerobic training on the secretory apparatus of NPs in cardiomyocytes of the right atrium. Methods: Nine-month-old mice were divided in two groups (n=10): control group (CG) and trained group (TG). The training protocol was performed on a motor treadmill for 8 weeks. Systolic blood pressure was measured at the beginning of the experiment (9 months of age) and at moment of the sacrifice (11 months of age). Electron micrographs were used to quantify the following variables: the quantitative density and area of NP granules, the relative volumes of the mitochondria, endoplasmic reticulum, and Golgi complex and the relative volume of euchromatin in the nucleus and the number of pores per 10 µm of the nuclear membrane. The results were compared by Student's t test (p< 0.05). Results: The cardiomyocytes obtained from TG mice showed increased density and sectional area of secretory granules of NP, higher relative volume of endoplasmic reticulum, mitochondria, and Golgi complex compared with the CG mice. Furthermore, the quantitative density of nuclear pores and the relative volume of euchromatin in the nucleus were significantly higher compared with the CG mice. Conclusion: Aerobic training caused hypertrophy of the secretory apparatus in the cardiomyocytes of right atrium, which could explain the intense synthesis of natriuretic peptides in trained mice with respect to the untrained mice.
EFFECTS OF AEROBIC TRAINING ON THE CARDIOMYOCYTES OF THE RIGHT ATRIUM OF MICE

EFEITOS DO TREINAMENTO AERÓBICO EM CARDIOMIÓCITOS DO ÁTRIO DIREITO DE CAMUNDONGOS EFECTOS DEL ENTRENAMIENTO AERÓBICO EN CARDIOMIOCITOS DEL ATRIO DERECHO DE RATONES
RESUMO
Introdução: Os hormônios polipeptídicos (peptídeos natriuréticos, PN) são secretados pelos átrios cardíacos e desempenham um papel importante na regulação da pressão arterial. Objetivo: Avaliar os efeitos do treinamento aeróbico sobre o aparelho secretor de PN nos cardiomiócitos do átrio direito. Métodos: Camundongos com nove meses de idade foram divididos em dois grupos (n = 10): grupo controle (GC) e grupo treinado (GT). O protocolo de treinamento foi realizado em esteira motorizada durante 8 semanas. A pressão sistólica dos animais foi medida no início do experimento (9 meses de idade) e no momento do sacrifício (11 meses). Foram usadas eletromicrografias para quantificar as seguintes variáveis densidade quantitativa e área dos grânulos de PN; volumes relativos (%) de mitocôndrias, retículo endoplasmático e aparelho de Golgi e o volume relativo de eucromatina no núcleo e o nú-mero de poros por 10 µm de membrana nuclear. Os resultados foram comparados pelo teste t de Student (p < 0,05
INTRODUCTION
Natriuretic peptides (NPs) are hormones synthesized and stored in atrial cardiomyocytes being secreted into the bloodstream for the regulation of blood pressure (BP) 1 . Studies have shown that specific atrium granules contain NP pro hormones 2 . The production and secretion of NPs depend on the structural components of the atrium cardiomyocytes including the Golgi apparatus, mitochondria, endoplasmic reticulum, the euchromatin and the number of pores in the nuclear membrane 3 . It is well known that during aerobic exercise blood pressure rises 4 which causes an increase in the secretion of NPs in the bloodstream [5] [6] [7] , contributing for the acute control of hypertension, promoted by exercise. However, to the best of our knowledge, no studies in the literature have examined the relationship between aerobic training, arterial pressure and the secretory apparatus of NPs in mice.
The objective of the present study was to extend previous findings in two important ways. First, aerobic training can have a significant influence on BP and there is a direct relationship between BP and the NP system in experimental animals [6] [7] [8] [9] [10] . However, there are no observations of NP system, were aerobic-trained mice were compared with sedentary controls. The first objective of this study was to observe the effects of aerobic training on the number and sizes of NP granules. The second objective of this work was to evaluate the quantitative effects of aerobic training on the secretory apparatus of the atrium cardiomyocytes, including the number of pores per 10 µm of nuclear membrane, the relative volumes (%) of euchromatin, mitochondria, endoplasmic reticulum and Golgi complex in the cardiomyocytes of the trained mice compared with sedentary controls. We hipothesize that aerobic training could cause hypertrophy of the secretory apparatus in cardiomyocytes and influence the synthesis of NPs.
MATERIALS AND METHODS
Experiments were performed on nine-month-age male C57BL mice (25-30 g ) from the Animal Care Facility of the Universidade São Judas Tadeu (São Paulo, Brazil). The animals received standard laboratory chow and water ad libitum. They were housed in individual cages in a temperature-controlled room (22°C) with a 12-hour dark/light cycle. All mice were treated similarly in terms of daily manipulation. All surgical procedures and protocols used were approved by the Experimental Animal Use Committee of the Universidade São Judas Tadeu (Ethical Protocol Number A003/2010) and were conducted in accordance with National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Training protocol
At the end of nine month, the mice were randomly assigned to control group (CG, n = 10) or to the training group (TG, n = 10). The animals from the TG were submitted to a treadmill running program. They were trained to run one hour a day for five days/week at 60% of the maximum effort test (MET) on the treadmill at 15% gradient. The MET was performed at baseline on a treadmill at a speed of 0.3 Km/h. Every five min the belt speed was increased in the same proportion (0.3 km/h) 8 . The MET was performed every four weeks. After the first MET, the mice were subjected to eight weeks of treadmill training five days a week, with increasing velocity up to 60% of that achieved in the effort test. In the first week after the test, the animals ran for 30 min, increasing this time by ten min each week until they reach 60 min in the fourth week, where at the end of it, another MET was performed to adjust the intensity of the training for the next four weeks.
All animals were adapted to the procedure (ten min/day; 0.3 km/h) for one-wk before beginning the training protocol. After the adaptation, the sedentary group was exposed to training only during the maximum treadmill test. However, they were placed on the stationary treadmill three times a week to provide a similar environment. Animals from the two groups were sacrificed at 11 months of age.
Blood pressure measurements
Systolic blood pressure was measured at two moments: at the beginning of the experiment and at the moment of sacrifice. The blood pressure was evaluated by indirect measurement using the tail-cuff method 9 .
Determination of the number and sizes of NP granules and the relative volumes of the endoplasmic reticulum, mitochondria and Golgi complex
The animals were euthanized with an intraperitoneal injection of sodium pentobarbital on overdose. Fragments of the right atrium were fixed in 2.5% glutaraldehyde in a phosphate buffer solution (0.2M, pH 7.3) for three hours. Then, they were washed with the same buffer solution for 15 minutes and placed in a solution of osmium tetroxide in 1% phosphate buffer for two hours. The fragments remaining 12 hours in uranyl acetate 0.5% and were dehydrated in ascending series of alcohols and propylene oxide for eight hours under rotation. The fragments were included in pure resin for five hours and left on the same resin at 60°C for five days.
The ultrathin sections, obtained by an ultramicrotome (Sorvall MT-2) were contrasted with uranyl acetate and lead citrate and examined under a transmission electron microscope (Jeol, ICB, São Paulo University). Ten electron micrographs per animal obtained by systematic random sampling of quadrants examined with final magnification of x15, 000 were used to obtain: the number of granules per 96 μm 2 , the area of granules (μm 2 ) and the relative volume (%) of endoplasmic reticulum, mitochondria and Golgi complex [10] [11] [12] [13] (Figure 1 ). The number of granules present in each field was determined and its area measured using an image analysis program (Axio Vision, Zeiss).
Determination of the number of pores in the nuclear membrane and the relative volume of euchromatin
Ten electron micrographs per mouse, examined with a final magnification of x15, 000, were used to determine the number of pores per 10 µm of nuclear membrane and the relative volume of euchromatin in the cardiomyocyte nucleus.
Calculation of the relative volumes
The relative volume corresponds to the area occupied by the considered structure presented as a %. It was obtained by using a test system consisting of 77 points that was superimposed on each electronic photomicrograph and the number of points that touched every component to be quantified was counted.
The relative volumes were calculated with the following formula: Vv [struct] = ΣP [struct] .100/PT; being: Vv [struct] = volume density; ΣP [struct] = Number of points that hit the structure in question, and PT = Total number of points (77) of the test system 
Statistical analysis
The data obtained for each of the parameters were tabulated, the averages (mean ± SD) calculated and constructed histograms of frequency distribution of the values of groups. The values of both groups were compared statistically by Student's t test, with significance level of p < 0.05. The GraphPad Prism 5 program (GraphPad Software, San Diego, CA, USA) for Windows was used for data analysis.
RESULTS
No significant difference was found in the mean systolic blood pressure between trained mice and control animals nor at the beginning (113 ± 2.9 mmHg and 112 ± 2.1 mmHg) nor at the end of the experiment (111 ± 2.3 mmHg and 112 ± 2.4 mmHg and 113 ± 2.4 mmHg) respectively for CG and TG animals ( Table 1) .
Number and sizes of NP granules
NP granules were predominantly arranged in groups among the mitochondria and near the Golgi complex and endoplasmic reticulum (Figure 2 ). The number of NP granules in the cytoplasm of the cardiomyocyte was greater in the TG mice compared with the CG mice (p < 0.05). Training also significantly increased the size of the NP granules (p < 0.05) (Figure 3 ).
Relative volume of mitochondria, Golgi complex and endoplasmic reticulum
The mitochondria appeared mainly with vesicular form (Figure 2) ; the Golgi complex exhibited a number of vesicles and the endoplasmic reticulum appeared as widened cisternae localized among the secretory granules (Figure 2) . The TG mice showed higher relative volumes of the mitochondria, Golgi complex and endoplasmic reticulum, compared with the CG mice. In all cases, p < 0.05 (Table 1) .
Relative volume of euchromatin and number of pores in the nuclear membrane
In the cardiomyocytes, the euchromatin appeared disperse whereas the heterochromatin appeared as a thin peripheral band adhered to the nuclear membrane ( Figure 4 ). The nuclear membrane appears composed of two parallel membranes and the nuclear pores as electron dense structures embedded in spaces where the outer and inner nuclear membranes are joined to one another (Figure 4) . The TG mice showed higher relative volumes of the euchromatin and of the number of pores per 10 µm in the nuclear membrane, compared with the CG mice. In both cases, p < 0.05. 
DISCUSSION
There are two main findings in the present work. First, mice subjected to aerobic training exhibited a significant increase in the number and sizes of NP granules from cardiomyocytes compared to sedentary animals, indicating that aerobic training activated the biosynthetic process in cardiomyocytes 3 . These data confirm previously results obtained by Barletta et al. 5 , Ohba et al. 6 , Edwards 7 and Gutkowska et al.
14
. Second, the density of nuclear pores and the relative volumes for euchromatin, mitochondria, endoplasmic reticulum and of Golgi complex were significantly elevated in mice after eight-wk aerobic training. Thus, it was demonstrated the beneficial effects induced by aerobic training on the components from the secretory apparatus of cardiomyocyte. These findings are consistent with that of an early research, indicating that the production and secretion of NPs depend on the secretory apparatus activity of atrial cardiomyocytes 3 . Aerobic training produces substances that acts on cardiomyocytes upon binding to intracellular and membrane receptors which existence has been demonstrated in cardiomyocytes 15 . Substance binding cause conformational changes to receptors with attachment to cellular proteins serving the transcriptional coactivators. Studies in rats have demonstrated that exercise could increase atrial substances receptors and NPs transcription 16 . It is possible that this is the case of the present results. The increased euchromatin volumetric fraction in the training mice and subsequent rise of RNA transcription rates associated with the increased volume in the Golgi complex provide evidence that the rate of NP synthesis may increase as a response to the stimulation by aerobic training, as also observed in skeletal muscle by Malysz et al. 17 .
The present study suggests that aerobic training can act as an effective treatment to enhance mitochondrial adaptations in atrium muscle. This is consistent with the finding 18 that aerobic training elicits beneficial changes in mitochondria that may protect cells against the effects of aging.
The right atrium produces two forms of NPs (ANP and BNP) having with main function acute control of BP through vasodilation and release of water and sodium of the blood vessels throughout NP Receptor-A (NPR-A) interaction 19 . The activation of these receptors leads to a reduction in preload by the elimination of water and sodium and by shifting plasma volume from intravascular to extravascular spaces 20 . The natriuretic and diuretic actions of NPR-A result from enhanced glomerular filtration and/or decreased tubular reabsorption of sodium and water, suppression of renin, aldosterone, and vasopressin secretion as well as antagonism of most of the peripheral and central effects of angiotensin II 19, 21 . If the chronic training promotes a parallel increase of NPRs and NPs, then this also explains the concomitant increased production of NO and NPs 22 , observed by Gutkowska et al. 14 
.
Several studies have demonstrated that training stimulated the synthesis and release of the vasodilator/antiproliferative factor NO via both a genomic and non-genomic mechanism acting at the level of NO synthase 23 . It has also been postulated that the action of the NO system and its synthesis suffer significant control of NPs 22 . Interestingly, elite athletes (which have high production endogenous NO) do not get ergogenic effects of nitrate supplementation 24 , as opposed to sedentary individuals 25 . This probably occurs because elite athletes already have a machinery able to fulfill the physiological needs of NO to a maximum aerobic performance (dependent on the NO system). So, in elite athletes, the non-ergogenic response of nitrate supplementation might be related to NPs activity and its secretory apparatus.
Studies have shown that aerobic training promotes beneficial effects on cardiac remodeling 26 and pathological hypertrophy 27 . A sustained increase in systolic load, as observed in systemic hypertension leads to a concentric pattern of cardiac hypertrophy, characterized by the increased expression of the putative hypertrophic marker prepro-ANP mRNA [28] [29] [30] . However, in the present study we did not use hypertensive animals in training suggesting the absence of the cardiac hypertrophic response. To further confirm this latter premise, it would be needed to examine left ventricular prepro-ANP mRNA expression. In this case the steady-state mRNA level of prepro-ANP would be unchanged in the RA cardomyocytes of the training mice, as compared to sedentary animals.
CONCLUSION
The results of the present study indicate that in mice with normal arterial pressure, aerobic training is accompanied by hypertrophy of nuclear and cytoplasmic components related to the production and secretion of NPs. 
